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Abstract 
Background  
The accurate determination of vitamin D in skin is of considerable importance in 
evaluating penetration of skin health products through the different layers of the 
skin.  
Objective 
We report on the characterisation and quantitation of vitamin D in an idealised 
sample and in complex mixtures which mimic that of a typical skin cream, using 




The characterisation and quantitation conditions were acquired over several 
heterogeneous samples, allowing for analysis of how the dynamic range and 
complexity of the different sample mixtures affect the Limits of Detection (LOD) 
and Limits of Quantitation (LOQ) of vitamin D.1,2 NMR is of particular value to this 
task as it is non-destructive, uses a primary ratio method for quantification, and 




In this investigation we have attained a trueness level <10%, repeatability values 
of <1% and brought the limit of quantitation down to 100nM (≈ limit of baseline 
range of vitamin D2 and D3 per litre seen in vivo3), commenting on the limitations 
observed, such as peak overlap and sensitivity limits.  
 
Conclusions 
Pure shift optimised sequences allow us to reduce peak overlapping, allowing 
further characterisation of individual compounds and the separation of complex 
mixtures using NMR. 
Keywords: 
Vitamin D, NMR, Skin cream, Diffusion  
1. Introduction 
The photo-production of vitamin D takes place exclusively in the skin and once 
formed in the epidermis, diffuses to the dermal capillary bed, where it is 
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transported to the liver by vitamin D binding protein.4,5,6 Sufficient UVB (255-
350nm) levels to produce vitamin D3 from its provitamin are typically only available 
during short periods of the day. Absorption by ozone, which varies depending on 
latitude, decreases the amount of UVB radiation that the skin is exposed to.  In 
addition, the relationship between skin cancer and sun exposure has 
inadvertently caused a large decrease in vitamin D production because of UVB 
being absorbed by sun screens and reduced sun exposure. There is also a 
significant effect from skin pigmentation, which leads, for example, to a much 
greater rate of vitamin D deficiency in dark-skinned people living at higher 
latitudes.7,8,9 Ageing has also been shown to decrease the amount of 7-
dehydrocholesterol in the skin.10 
Roles for vitamin D, in immunological functions, include an induction effect of Toll 
like receptor 2 and its co-receptor CDl4, which initiates the innate immune 
response in the skin, leading to CYP27B1 and cathelicidin production.11,12,13,14  
With greater awareness of the detrimental effects of vitamin D deficiency, it is of 
significant importance to be able to determine vitamin D levels in skin and 
ascertain the amount of available vitamin D in skin creams.15,16,17,18,49 
NMR is of particular value as a non-destructive analytical method; its capacity to 
be used as a primary method for quantification, its tolerance of a wide variety of 
hydrophilic and hydrophobic elements within a given matrix and its large sample 
throughput by automation make it very promising for mixture analysis.20 In this 
manuscript, we investigate the potential of different NMR techniques to achieve 
physiologically relevant characterisation and quantitation of free vitamin D2/D3 in 
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solution and skin cream formulation. Owing to simple sample preparation and in-
situ nature of NMR, it is possible to use models for the composition of skin creams  
and even the Dermis extracellular matrix capillary beds that vitamin D3 is diffused 
into.5,6 
NMR has primarily been used as a characterisation tool, but recently it is being 
explored more and more for quantitation of metabolites, pharmaceuticals and 
compounds commercial products and mixtures.21,22 The use of quantitative NMR 
has primarily been through the calculation of concentrations through direct 
integral ratio determination in 1D spectra’s, however 2D quantitative techniques 
are being validated for more complex mixture quantitation (qqHSQC, HSQC0).23 
We see from table 1 that two issues exist for qNMR that limit its applications, low 
sensitivity compared to that of Mass spectrometry and overlapping of 
resonances. The first issue is being addressed mainly through the development 
of new hardware, larger magnets and Dynamic Nuclear Polarization techniques 
which increase the sensitivity of NMR acquisition by nearly a thousand fold. The 
second issue, of overlapping peaks, can be addressed through the use of more 
advanced acquisition sequences, such as Pureshift Yielded by Chirp Excitation 
(PSYCHE), which involves homonuclear decoupling, along with improved 
processing techniques. 
 
2. Materials and Methods 
2.1 Chemicals and materials for project 
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All chemicals were obtained from Sigma-Alrich or GSK and were useed without 
further purification. Quantification targets: vitamin D2 (Cas Number: 50-14-6); 
vitamin D3 (Cas number:  67-97-0) were ordered from Sigma-Alrich.  
Emulsion compounds: Glycerol (CAS number: 56-81-5); Caprylic Triglyceride 
(CAS number: 73398-61-5); Isostearyl Isoterate (CAS number: 41669-36-1); 
Niacinamide (CAS number: 98-92-0); Phospholipon (CAS number 92128-87-5); 
Vegetable Oil/Corn Oil (CAS number: 8001-30-7); Panthenol (CAS number: 81-
13-0); Pentylene Glycol (CAS number: 111-29-5) were provided by GSK. 
A high shear mixer (SCILOGEX D160 Homogenizer 850101019999) was used 
for the preparation of cream emulsions to allow for immiscible components to be 
dispersed into the liquid phase of the mixture.  
Volume measurements were done using VWR Single-channel pipettes, 
mechanical, variable volume, Ergonomic High Performance (EHP), alongside a 
Mettler MT5 scale used for solid state mass measurements.   
A range of vitamin D2 and vitamin D3 concentrations from 10mM to 100nM with 
concentration changes in increments of[Nn-1]  = 
[𝑁𝑛 ]
10
 were prepared. 
2.2 NMR sample preparation 
NMR tubes used were Wilmad 5mm, thin walled tubes obtained from GPE 
Scientific (Product No:  502-7). Samples used for DOSY and PSYCHEiDOSY 
were prepared in 3mm tubes (Product No: S-3-HT-7) to reduce convection effects 
within the tube during the acquisition. 
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NMR samples were spiked with Sodium d4-trimethylsilylpropionate (TSP). In 
preliminary experiments, 10mM of TSP was spiked into the sample, in optimised 
experiments the concentration was kept consistent with that of the vitamin D2/3 
concentration. 
2.4 NMR Experiments 
2.4.1 Instrumentation and software 
All Spectra of vitamin D2 and D3 were recorded in D2O or DMSO-d6 solutions 
(10mM to 100nM) at 300K using a Bruker Avance III 600MHz FT-NMR.   
For each sample quantitative conditions were set with D1 at > 5x T1 (10s, as 
D2/D3 T1 shown to be around 1s)  
Absolute concentration determination was determined via comparison of vitamin 
D2 and D3 integrals to a known concentration of TSP.  
Bruker Topspin 3.5 pl7 was used for assignment of peaks, manual phasing, 
baseline correction and manual integration.  Manual integration was done to 




Quantitation was done through the primary ratio method analysis of integrals.  
For this we used an internal standard, TSP, at concentrations relevant to that of 
the target analyte (vitamin D2/3). Concentrations were calculated from the integral 
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values in the 1D spectrum. Triplicate and interleaved experiments for each 
sample were run to allow for time discrepancies and repeatability of experiments 
to be accounted for. 
The optimisation of 1D experiments involved the implementation of Non uniform 
sampling (NUS), reduced spectral width (making sure integrals are not affected), 
calibrating TSP concentration to that of the required limits of 
detection/quantitation of the target analyte, calibrating the D1 relaxation time 
through acquisition of T1 relaxation data for vitamin D2/D3 and TSP.   
2.4.3 DOSY 
2.4.3.1 Calibration of DOSY 
DOSY was calibrated through 1D survey scans to reduce the error seen in the 
calculated diffusion coefficients through setting the diffusion encoding 
parameters appropriately for the peaks of interest.  
2.4.3.2 Determining Diffusion coefficient’s and molecular weights 
Dynamics centre (Bruker UK Ltd) was used for determining the diffusion co-
efficients using the diffusion fit function. 






From the diffusion coefficients of each peak, molecular weights were extrapolated 
through the use internal references (TSP, DMSO-6, water) and a calibration curve 
plotting log(mw) against log(diffusion coefficient). 
2.4.5 Pure Shift Experiments 
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Pure shift yielded by chirp excitation (PSYCHE) was used for all pure shift 
experiments (1D proton, TOCSY and Diffusion ordered spectroscopy) for 
maximum sensitivity and artefact suppression.  Pulse sequences, processing 
macros and guidance on parameter set-ups was acquired from the University of 
Manchester NMR methodology group on their pure shift workshop page.24 
 
3. Results 
3.1 Characterisation and Quantitation with 1D NMR techniques 
3.1.1 Characterisation using 1D Proton NMR 
Complex samples and compounds often suffer greatly in NMR through spectral 
crowding. To investigate these limitations 1D 1H spectra were acquired and 
peaks assigned through the use of integral ratio calculation, peak picking, 
prediction software and online databases for vitamin D2 and D3;   
 
FIGURE 1 
Figure 1 shows the specificity of assignment achieved by standard 1D 1H 
acquisition techniques. Assignment of methyl groups, alkenes and alcohol groups 
is unambiguous and specificity is high. The assignment of aliphatic hydrogens 
however is ambiguous and the specificity is low, especially in the range of 
δ=2.5ppm to 1ppm where CH and CH2 peaks are present. The overlap of peaks 
which causes interpretation of multiplets to be hindered.   
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Despite these limitations we can identify candidate peaks for quantitation. The 
peak at 0.5ppm, assigned to the methyl group numbered 16, is a good signal to 
choose owing to: singlet multiplicity, high signal to noise, and separation from 
other peaks allowing for an integral to cover 64x the full width at half maximum. 
3.1.2 1D Pure Shift for complete assignment of vitamin D2 and D3 
The limitations addressed from assignment of the 1D 1H spectra can be rectified 
with pure shift techniques to remove the multiplicity from the standard spectrum, 
which allows for greater specification through the reduction in peak overlap. 
Figure 2 demonstrates the effectiveness of this technique in separating the 
overlapping peaks and giving a clearer indication of how many proton 
environments exist in the spectra. It also allows for a much greater specificity 
when assigning the structure of vitamin D2 and D3 to the spectra and differences 
between the two structures can be seen more clearly in the respective spectrums.  
FIGURE 2 
 
This is exemplified by the successful assignment of all aliphatic protons within the 
spectra, validated with HSQC/COSY experiments and prediction software.25  
3.1.3 Quantitation using standard 1D NMR techniques  
Results from  table 2  show that with standard 1D 1H NMR spectra we can obtain 
a limit of quantification (LOQ) of 100µM, with RSD’s of 1.73 and 2.63 for vitamin 
D2 and D3 respectively at this concentration. However the trueness values vary 
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between D2 and D3 with D2 having a trueness value of 1.294 (RSD = 0.479) and 
D3 trueness of 1.354 (RSD=1.14294).  
 
3.1.4 Quantitation using optimised 1D NMR techniques  
By optimising certain parameters (Table 3) we were able to lower the limit of 
quantitation to 10µM for both vitamin D2 and D3 with LOD down to 50nM for D3 
and 500nM for D2.  
 
Vitamin D3 trueness values down to 100nM are 50% of the gravimetric 
concentration consistently with RSD values all below 20% (Table 4). Whereas 
with D2 trueness values we see 0.09-0.08 down to 10µM with RSD below 10% 
however the trueness increases to 0.135 when the concentration drops down to 
1µM with an RSD value of 52.2%.  
3.1.5 Quantitation of D2 and D3 within cream formulations 
Within cream formulations the peaks used for quantitation in the vitamin D 
samples are overlapped by the more concentrated cream formulation 
components. We are limited, therefore, to selecting peaks at δ = 6ppm, doublets 
rather than singlets, necessitating the integration of both peaks. Another issue is 
the homogeneity of the sample, even after high shear mixing, we see a distinct 
loss of free vitamin D concentration within the cream. With concentrations of 




It is also possible that in our cream formulation micellisation of the vitamin D is 
taking place, thus reducing the amount of free vitamin D in solution. This has 
implications in terms of skin permeability and vitamin D penetration into the 
Dermis. It is also the case that the large ratio of other analytes to the small 
detectable vitamin D causes a great loss in S/N for smaller concentration peaks. 
The micellation of vitamin D can be investigated through the acquisition of 
Methanol-d4 (MeOD) solvent samples alongside that of the D2O samples, which 
allows for the collapse of any micelles and all vitamin D being free in solution. 
The reason peaks are not visible when micellised is because the Vitamin D is 
incorporated with much larger structures and their tumbling rate is slowed 
therefore causing broadening of peaks. This is not seen in MeOD samples as the 
micelles cannot be formed. Because of this we see sharp line shapes for the 
vitamin D peaks. From the formulation made we can use NMR to measure the 
capacity of micellation and with this the optimal amount of drug product or analyte 
of interest to add into our respective cream formulations. An example is shown in 
fig. 4 for vitamin D3 at a concentration of 10mM. 
FIGURE 4 
3.2 Complex mixture separation using NMR techniques 
The main limitation encountered when investigating complex mixtures with NMR 
is the overlapping of peaks between the different components, alongside the 
previously discussed issues with receiver gain when the dynamic range is large. 
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To address the first limitation the effectiveness of separating compounds based 
upon their diffusion characteristics was investigated. 
3.2.1 Diffusion Ordered Spectroscopy (DOSY) 
Conventional Diffusion Ordered Spectroscopy separates NMR signals based on 
their apparent diffusion and this can be related to the volume of a molecule. This 
technique, however, was of limited use in analysing cream formulations owing to 
overlapping of peaks from compounds with different diffusion characteristics, 
causing large errors to appear in the calculated diffusion coefficients for the 
respective peaks.  
3.2.2 PSYCHEiDOSY  
Based on a recently developed pureshift pulse sequence, a diffusion element was 
added to this proton-decoupling sequence (PSYCHEiDOSY). This reduced the 
error in the calculated diffusion coefficient from the overlap of peaks, as multiplets 
are collapsed to singlets. For simpler compounds in a mixture this is very useful; 
peaks with their approximate molecular weight can give a robust method for 
selecting peaks to specific compounds.  
FIGURE 5 
Fig. 5 shows the successful separation of peaks in respect to their compounds 
relative molecular weight using the PSYCHEiDOSY experiment. With reference 
peaks in place we can test the trueness of the estimated molecular weight from 
diffusion coefficient values.  
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DOSY followed by selective TOCSY experiments have been shown to be 
effective in achieving these goals through acquisition however with 
PSYCHEiDOSY projection’s it is possible to get a selective pure shift spectra 
based on the diffusion characteristics rather than selective pulses and 
magnetisation transfer, shown in figure 6. 
FIGURE 6 
Discussion 
In this paper, we report, for the first time, the whole structure of vitamin D2 and 
D3 by 1H NMR and the precise assignment of signals on the steroid ring system 
through the use of 1D pure shift acquisitions. This will allow easier analysis of 
vitamin D metabolism through the qualitative and quantitative tracking of D2/D3 
in its ergocalciferol, cholecalciferol, calcifedol, calcitriol (Active form) and 24, 25-
Dihydroxycholecalciferol (Inactive form) forms, which all have very similar 
chemical structures. The separation of formulation components through pure shift 
diffusion ordered spectroscopy experiments (PSYCHEiDOSY) gives a non-
destructive and automated method for complex mixture analysis and separation. 
We demonstrated that NMR can be used to obtain LODs at physiological 
concentrations of vitamin D2/3 in simple samples. When this was applied to skin 
cream formulation models, free vitamin D was not observed at the expected 
concentration in D2O samples. This suggests that in skin cream, precipitation or 
micellisation of the vitamin D is occurring, reducing the apparent amount of freely 
available vitamin D in solution. This result can be demonstrated by the concurrent 
running of experiments in D2O with critical micelle concentrations of surfactants, 
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alongside samples run in MeOD, which does not allow the formation of micelles. 
Whilst it has also been reported that Vitamin D3 can be photodegraded at 
relatively low intensity of UV, no evidence of this was observed in simple solution 
and it is unlikely that this is the cause of the lower concentrations observed in the 
skin cream formulations.26  
Free vitamin D is observed at 15-40% of the initial concentration, meaning 15-
40% of vitamin D is unable to permeate skin in the same way as micellised 
Vitamin D within the cream formulations. There is also an issue with overlapping 
of target peaks by emulsion peaks. Whilst we do observe considerable signal 
overlap, we were able to identify olefin peaks of vitamin D2/3 at 6ppm and 0.55pm 
that are resolved well enough to be detected within the mixtures.  
Conclusion 
Looking forward, the implementation of real time acquisition through shortening 
of the pulse sequence time to fit within the dwell time would reduce the time 
required for pure shift experiments, alternatively post-processing methods, such 
as covariance analysis can make experiments possible in a suitably short time 
period. We have evidenced the application of NMR for detecting physiologically 
relevant concentrations of vitamin D and highlighted the effects of the traditional 
skin cream matrix on the amount of free vitamin D available. We are currently 
working on adapting this technique to consider models for the Dermis and assess 
vitamin D penetration using the optimised techniques reported here for both 
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Table 1 Comparison of considerations for quantitative scope and limitations for 
NMR and Mass Spectrometry, highlighted considerations are addressed here. 




Recovery after analysis 
Recovery after analysis 
Detection Physical restrictions Universal Structural 
properties 
Calibrant Need structurally identical reference CRM’s available 
Sensitivity Low nM-pM Low uM 
Selectivity and 
specificity 
Chromatographic separation Overlapping of 
resonances 















S/N RSD Trueness 
D2 16.7 4880 0.155 2.01 
D2 0.777 755 2.27  0.936 
D2 0.078 107 1.73 0.938 
D2 0.003 8.03 13.6 0.404 
D2 0.001 4.43 32 1.46 
D3 26.1 1460 0.652 3.14 
D3 0.4 397 1.17 0.482 
D3 0.0364 51.7 2.63 0.439 
D3 0.00339 5.11 90.6 0.408 



















Table 3 Parameters for non-sample optimised and sample optimised 
experiments 
Parameter Standard qNMR Optimised qNMR 
TSP Concentration 10mM ≈ [Analyte] 
D1 (Dwell time) 3s 10s 
NS (Number of Scans) 1024 1024 
SW (Sweep width) 10 20 






















D2 0.0733 2499 1.9 0.147 
D2 0.00696 213 1.07 0.139 
D2 0.000710 54.8 7.53 0.142 
D2 0.000112 29.5 52.2 0.0224 
D3 0.461 11027 0.217 0.922 
D3 0.0462 1594.08 0.450 0.924 
D3 0.00462 230.5 1.15 0.924 
D3 0.000425 4.62 19 0.85 

















Figure 1 (Top) Partially assigned structure of Vitamin D3 with partially assigned 
1D 1H spectrum; (Bottom) Partially assigned structure of Vitamin D2 with partially 
assigned 1D 1H spectrum. 
Figure 2 (Left) Structure of Vitamin D2, with a 1H PSYCHE NMR spectrum of 
Vitamin D2 in DMSO-d6; (Right) Structure of Vitamin D3, with a 1H PSYCHE 
NMR spectrum of vitamin D3 in DMSO-d6 
Figure 3 (Top) 1H NMR spectrum of cream mixture (Glycerol, Caprylic 
Triglyceride, Isostearylisoterate,  Niacinamide, Vitamin D2, Vegetable Oil, 
Pentylene Glycol, Panthenol); (Bottom) Zoomed in region covering Vitamin D2 
Alkene peaks of 1H NMR of above spectrum 
Figure 4 Micellised and free vitamin D3 analysis from 1D 1H qNMR spectra 
Figure 5 (Left) 2D 1H PSYCHEiDOSY Spectrum of cream formulation; (Right) 
Table of diffusion coefficients and their comparison to actual molecular weights 
calculated with UCC Polymer Predictor 
(http://www2.ual.es/NMRMBC/downloads/UCCPolymerPrediction.rar) 
Figure 6 1D projections of Figure 4 PSYCHEiDOSY spectra; extracting individual 
pure shift spectra for each individual component of mixture. 
 
 
